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ABSTRACT: Tolyporphins are glycosylated macrocycles isolated from lipophilic soil extracts 
of the blue-green alga, Tolypothrix nodosa, and found to potentiate the cytotoxicity of antitumor 
drugs like vinblastine and adriamycin. Here we find that, unlike porphyrins, tolyporphins are 
unable to form complexes with most metal ions. However they do react strongly with Cu(II) and 
Ag(II), forming square planar metal complexes with an unpaired electron in a dx²-y² orbital of 
the metal delocalised onto the ligating tolyporphin nitrogen atoms. Complexes were 
characterised by visible absorption spectra, mass spectrometry (EI, FAB, ESMS, LDI-TOF, 
MALDI-TOF) and multifrequency continuous wave EPR spectra. Copper(II) and silver(II) 
complexes of tolyporphins A and E were found to have the interesting property of reversing 
multidrug resistance (MDR), the copper complexes being less toxic than free tolyporphins. 
Reactive oxygen free radicals were implicated in both the cytotoxic and MDR-reversing effects 
of free and metallated tolyporphins. 
This paper is dedicated to the memory of Associate Professor Trevor Appleton and Professor 
Graeme Hanson, who both sadly passed away on 13-6-2013 and 25-2-2015, respectively.  Assoc. 
Prof. Appleton drove this research and Prof. Hanson oversaw the EPR studies described herein. 
 
  
INTRODUCTION 
Tolyporphins (Figure 1) are macrocycles isolated in small quantities from the cyanobacterium 
Tolypothrix nodosa Bharadwaja. Tolyporphin A, (H2(tp
A
), 1), was the first isolated member of 
the family.
2
 Tolyporphins A-J possess the same dioxobacteriochlorin core, while tolyporphin K 
is a unique monooxobacteriochlorin.
2-4
 The stereochemistry of tolyporphins has been revised by 
comparing synthetic (+)-tolyporphin A O,O-diacetate with the O,O-diacetate derivative of the 
isolated natural product.
5-7
 None of the isolated, naturally occuring, tolyporphins contained a 
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 3
metal ion. Here we report the first tolyporphin complexes with metal ions, specifically Cu
2+
 and 
Ag
2+
, characterized by ion spray mass spectrometry and EPR spectroscopy. Tolyporphins 
typically inhibit P-glycoprotein mediated transport of drugs leading to reversal of multidrug 
resistance (MDR) to varying degrees.
2-4
 Thus, we also examine this property here for the metal-
tolyporphin complexes.  
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Figure 1. Structures of tolyporphins8 complexed here with metal ions.  
EXPERIMENTAL SECTION 
Equipment and materials. Visible/UV spectra were obtained for methanol solutions with the 
use of a Shimadzu UV-265 spectrometer. Electron Impact (EI), High Resolution Electron Impact 
(HREI), and Fast Atom Bombardment (FAB) mass spectra were obtained with the use of a 
Kratos MS25RFA mass spectrometer. The matrix used for FAB MS was either 3-nitrobenzyl 
alcohol (NOBA) or glycerol.   
The electrospray ionization (ESI) mass spectra were obtained from methanol solutions 
(approx. 10
-6
 M) with the use of an API-111 triple quadrupole mass spectrometer (PE/Sciex, 
Thornhill, Ontario, Canada) as previously described.
9
 The pneumatically assisted electrospray 
interface was operated at +5.0 kV to generate cations. After solvent evaporation, the cations were 
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 4
drawn into the analyzer region of the spectrometer through a 100-µm sampling orifice of varying 
potential difference (orifice potential). 
High resolution electrospray mass spectrometric data were obtained on a Bruker Daltonics 
MicrOTOF mass spectrometer. LDI-TOF mass spectrometric data were obtained on a Bruker 
Daltonics AutoFlex II mass spectrometer with a 337 nm nitrogen laser. Positive and negative ion 
spectra were acquired over m/z 300-1400 range by collecting 500 laser shots, with an 
acceleration voltage of 19 kV and a reflector voltage of 20 kV. Pulsed ion extraction of 80 ns 
was used to build up the concentration of ions in the ion source and ions below m/z 200 were 
suppressed. The instrument was calibrated using a mixture of α-cyano-4-hydroxycinnamic acid 
(HCCA), angiotensin I, angiotensin II and substance P peptide standards (Bruker Daltonics), laid 
on an anchor between every four sample spots. LIFT spectra were acquired in positive ion mode 
with fragment ions induced by post source decay. 
The expected isotope patterns were observed in mass spectra for ions containing copper (69% 
63
Cu, 31% 
65
Cu) and silver (52% 
107
Ag, 48% 
109
Ag). Except for HREI mass spectra, m/z values 
given for copper compounds correspond to the 
63
Cu isotopomer, and for silver compounds to the 
107
Ag isotopomer. 
Continuous wave (CW) electron paramagnetic resonance (EPR) spectra of [Cu
II
(tp
A
)] (3) and 
[Ag
II
 (tp
A
)] (5) dissolved in chloroform (~ 1 mM, 300 µL) were recorded at S-, X- and Q-band 
microwave frequencies on a Bruker BioSpin ESP300E EPR spectrometer at 293 K and 130 K. At 
a concentration of 1 mM, 3 and 5 were sufficiently dilute as to prevent intermolecular dipole-
dipole coupling from being observed in the CW EPR spectra. Triplet-state EPR spectra have 
been observed when more concentrated solutions of porphyrins have been utilized. The 
multifrequency CW EPR spectrometer located in the Centre for Advanced Imaging (formerly the 
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 5
Centre for Magnetic Resonance) was equipped with an EIP 548B microwave frequency counter 
and a Bruker ER035M Gaussmeter for the calibration of the microwave frequency and magnetic 
field, respectively. A liquid nitrogen gas flow through cryostat in conjunction with a Eurotherm 
B-V-2000 variable temperature controller was used for low temperature (approximately 130 K) 
measurements. 
All experimental CW EPR spectra were simulated using version 1.1.3 of the XSophe-Sophe-
XeprView computer simulation software suite running on a personal computer with Mandriva 
Linux as the operating system. Within the XSophe-Sophe-XeprView computer simulation 
software suite,
10
 we employed matrix diagonalization in conjunction with mosaic misorientation 
to simulate the randomly oriented frozen solution multifrequency CW EPR spectra from 3 and 5. 
Each spectrum was simulated independently. Computer simulation of the isotropic EPR spectra 
employed Kivelson’s linewidth model (σ = α” + α’+ β MI + γMI
2
 + δMI
3
; where α” arises from 
a spin rotational mechanism and α’, β, γ, δ arise from the modulation of the g and A matrices)
11
 
to account for the observed linewidth variation with the nuclear spin quantum number MI. A 
distribution of correlated g- and A-values (g- and A-strain: σν
2
 = Σi=x,y,z (σRi
2
 + (σgi
2
/gi
2
 
νo(B)+σAiMI)
2
); where σR is a residual line width, σg/g and σA are the distributions of g and A 
values, respectively)
12
 was used to describe the line width variation in the anisotropic randomly 
orientated frozen solution EPR spectra. 
Preparation of [Cu
II
(tp
A
)] (3) and [Cu
II
(tp
E
)] (4). Cu(CF3SO3)2 (0.2 mmol) and NEt3 
solution in A.R. methanol (0.1 M, 0.1 mL) were added to a methanol solution (25 mL) 
containing tolyporphin A or E (4 µmol). The solution was heated at 68 ºC for 30 minutes, during 
which time the color changed from purple-brown to green. The cooled solution was passed down 
a column of Cation Exchange Resin (Amberlite CG-50, H
+
 form) rinsed with methanol until all 
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 6
of the green solution had passed down the column. The eluted solution was then passed down a 
column of Anion Exchange Resin (Amberlite IRA400, OH
-
 form). Solvent was removed from 
the eluted solution in a stream of dry nitrogen to give the dark green product, which was stored at 
4 ºC.  
[Cu
II
(tp
A
)] (3): UV/Vis (methanol): λmax (ε) =689 (20000), 655 (4600), 424 (41000), 385 nm 
(sh) (16000, mol
−1
dm
3
cm
−1
); MS (EI): m/z 803 [M
+
], 631 [M
-
 C8H12O4
+
], 459 [M - 2C8H12O4
+
];  
ESI (90 V): m/z (%) 804 (100) [M + H
+
] and 632 (53) [M - C8H12O4 + H
+
]; LDI-TOF: (+ve) m/z 
826.1 [M + Na]
+
, 803.1, [M]
+•
; 459.1 (C24H20N4O2Cu), [M – 2(C8H13O4) + 2H]
+
; (-ve) m/z 803.2 
[M]
-•
, 457.0 (C24H18N4O2Cu), [M – 2(C8H12O4) - 2H]
-
. LIFT (+ve) (m/z 803.1): m/z 630.9 
(C32H32N4O6Cu) [M – C8H13O4 + H]
+
, 458.8 (C24H20N4O2Cu) [M – 2(C8H13O4) + 2H]
+
 173.0, 
113.0. HRMS (EI): m/z calcd for C40H44
63
CuN4O10: 803.2355 and C40H44
65
CuN4O10: 805.2335 
[M
+
]; found: 803.2403 and 805.2316.  
[Cu
II
(tp
E
)] (4): UV/Vis (methanol): λmax (ε) = 703 (22000), 668 (sh) (7000), 645 (sh) (4300), 
527 (4000), 423 (51000), 387 (sh) (21000, mol
−1
dm
3
cm
−1
). Attempts to obtain EI mass spectra 
were unsuccessful. FAB mass spectra (NOBA matrix) m/z 689 [M
+
]; LDI-TOF: (+ve) m/z 689.1 
[M]
+•
, 517.1 [M – (C8H13O4) + H]
+
, 458.1 [C24H18N4O2Cu + H]
+
 [M – OAc - (C8H13O4) + H]
+
; 
LIFT (+ve) (m/z 689.1): m/z 516.8/518.9 [M – (C8H13O4) + H]
+
, 172.9, 113.0; HRESIMS: m/z 
calcd for C34H35
63
CuN4O8: 690.1745 and C34H35
65
CuN4O8: 692.1740 [M
+
]; found: 690.1754 and 
692.1626.  
Preparation of [Ag
II
(tp
A
)] (5) and [Ag
II
(tp
E
)] (6). Ag(CF3SO3) (55 µmol)  then NEt3 solution 
(0.1 mL, 0.1 M) in A.R. methanol were added to a methanol solution (13.5 mL) containing 2 
µmol of tolyporphin A or E. The color of the solution immediately turned from purple-brown to 
green. On addition of dilute HClO4 solution, the complex slowly decomposed, with liberation of 
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 7
free tolyporphin.  The reaction mixture containing silver tolyporphin was therefore passed 
quickly down a mixed Cation (H
+
)/ Anion (OH
-
) Exchange column (Bio-Rad AG501-X8(D)), 
which was rinsed with methanol until all of the green solution was eluted. Visible spectra of 
diluted eluant showed that only a small proportion (approx. 1%) of free tolyporphin was present, 
and that there was no significant change in this solution with time. Solvent was removed in a 
stream of dry nitrogen to give the dark green product which was stored at 4 °C. 
 [Ag
II
(tp
A
)] (5): UV/Vis (methanol): λmax (ε) =  661 (36000), 632 (6300), 612 (5100), 514 
(5000), 431 (50000), 389 (23000, mol
−1
dm
3
cm
−1
); EIMS m/z 847 [M
+
], 675 [M - C8H12O4]
+
, 503 
[M - 2C8H12O4]
+
, FAB MS (NOBA matrix): m/z 848 [M + H]
+
, 847 [M
+
] (weak) and 676 [(M + 
H) - C8H12O4]
+
 (very weak), 675 [M - C8H12O4]
+
 (very weak), 504 [(M + H) - 2C8H12O4]
+
, 503 
[M - 2C8H12O4]
+
; ESI (80 V) m/z 870 [M + Na]
+
, LDI-TOF: (+ve) m/z 849.1/847.1 [M]
+•
;  (-ve) 
m/z 849.1/847.1 [M]
-•
.  LIFT (+ve) (m/z 849.1/847.1): 677.5/675.3 (C32H32N4O6Ag) [M – 
C8H13O4 + H]
+
, 505.4/503.1 (C24H20N4O2Ag) [M – 2(C8H13O4) + H]
+
, 173.2, 113.1.  
MALDI-TOF: (HCCA matrix) (+ve) m/z 849.3/847.2 [M]
+•
, 742.3 (C40H46N4O10) [M – Ag + 
2H]
+
. HRMS (EI): m/z calcd for C40H44
107
AgN4O10: 847.2108 and C40H44
109
AgN4O10: 849.2104 
[M
+
]; found: 847.2172 and 849.2153.   
 [Ag
II
(tp
E
)] (6): UV/Vis (methanol): λmax (ε) =  666 (45000), 635 (3000), 620 (3000), 515 
(2200), 431 (59000), 389 (33000, mol
−1
dm
3
cm
−1
); Attempts to obtain EI MS were unsuccessful. 
FAB MS (NOBA matrix): m/z 733 [M
+
], 691 [M - C2H2O]
+
, 674 [M - C2H3O2]
+
,  561 [M - 
C8H12O4]
+
, 502 [M - C8H12O4 - C2H3O2]
+
; LDI-TOF: (+ve) m/z 735.0/733.0 [M]
+•
.  LIFT (+ve) 
(m/z 735.1/733.0): 562.9/560.8 [M – C8H13O4 + H]
+
, 172.9, 112.9; HRESIMS: m/z calcd for 
C34H34
107
AgN4O8Na: 756.1320 and C34H34
109
AgN4O8Na: 758.1322 [M
+
]; found: 756.1338 and 
758.1339.   
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 8
EPR Spectra. For more details on the multifrequency EPR and EPR simulations, see 
Supporting Information and https://espace,library.uq.edu.au/view/UQ:274203 
Biological Assays and Cell Culture. Tolyporphins were dissolved in ethanol and stored at 4 
˚C.  [
3
H]Vinblastine sulfate was obtained from the Amersham Corporation and all other drugs 
and reagents were purchased from the Sigma Chemical Company. SKOV3, SKVLB1, MCF-7 
and MCF-7/ADR cells were grown as previously described.
13
   
Cytotoxicity Assay: To test the effects of drugs on growth, MCF-7/ADR cells were seeded in 
96-well tissue culture dishes at approximately 10% of confluency in Basal Medium containing 
Earl's salts (BME) containing 10% fetal bovine serum (FBS), and were allowed to attach and 
recover for at least 24 h. Varying concentrations of H2(tp
A
), H2 (tp
E
), [Cu
II
(tp
A
)], [Cu
II
(tp
E
)], 
[Ag
II
(tp
A
)] and [Ag
II
(tp
E
)] (1-6), were then added to each well, and the plates were incubated for 
an additional 48 h. The number of surviving cells was then determined by staining with 
sulforhodamine B (SRB) as described by Skehan et al.
14
 The percentage of cells killed was 
calculated as the percentage decrease in SRB binding compared with control cultures. Control 
cultures included equivalent amounts of dimethylformamide, which does not modulate the 
growth or drug-sensitivity of these cells.   
MDR Reversal Assay: This assay was carried out as described above, except that cells were 
incubated with varying concentrations of actinomycin D, alone or combined with verapamil or 
H2(tp
A
), H2(tp
E
), [Cu
II
(tp
A
)], [Cu
II
(tp
E
)], [Ag
II
(tp
A
)] or [Ag
II
(tp
E
)] (1-6). Reversal of MDR is 
defined as the ability of the compound, that is verapamil or a tolyporphin, to potentiate the 
cytotoxicity of P-glycoprotein-transported drugs.   
[
3
H]Drug Accumulation Assay: Following methods previously described,
3,13
 MCF-7/ADR 
cells were plated into 24-well tissue culture dishes and allowed to grow to 90% confluency. The 
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 9
cells were washed with phosphate buffered saline (PBS) and then incubated in RPMI1640 (0.5 
mL) containing H2(tp
A
), H2(tp
E
), [Cu
II
(tp
A
)], [Cu
II
(tp
E
)], [Ag
II
(tp
A
)] or [Ag
II
(tp
E
)] (1-6) and 10-20 
nM [
3
H]vinblastine sulfate (10-15 Ci/mmol) for 60 min at 37 ˚C.  The cultures were rapidly 
washed three times with ice-cold PBS.  Intracellular [
3
H]drug was solubilized with 1% SDS in 
PBS (0.3 mL) and quantified by liquid scintillation counting. 
Cytotoxicity Assay with α-Tocopherol: SKOV3 cells were grown as described above and 
then incubated with various concentrations of α-tocopherol in the presence of varying 
concentrations of 1. Cell survival after 48 h was measured as for the cytotoxicity assay. 
MDR Reversal Assay with α-Tocopherol: SKLVB1 cells were grown as described above 
and incubated with various concentrations of α-tocopherol in the presence of daunomycin, 
H2(tp
A
) (1) or a combination of the two. Cell survival after 48 h was measured as for the 
cytotoxicity assay. 
RESULTS 
Synthesis of Copper(II) Tolyporphin Complexes. There was no reaction when a dilute 
methanol solution of H2(tp
A
) (1) and excess Cu(CF3SO3)2 in the presence of triethylamine (NEt3) 
was allowed to stand at ambient temperature. However, heating this solution at 68ºC caused a 
color change from purple-brown to green commensurate with [Cu
II
(tp
A
)] (3) formation. In the 
absence of NEt3, no reaction occurred. The visible absorption spectrum of 1 showed intense 
peaks at 676 and 402 nm.
2
 In the spectrum of 3, the peaks became broader and shifted 
significantly to longer wavelengths (689 and 424 nm), consistent with a color change. Heating a 
dilute methanol solution of 3 at 68ºC for a short time, with either HClO4 or NaCN added, caused 
no significant change in the visible spectrum.  Addition of NaOH to the methanol solution also 
had no effect on the spectrum.   
Page 9 of 43
ACS Paragon Plus Environment
Submitted to Inorganic Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 10 
 
 10
Under the conditions described in the Experimental Section, 1 was converted quantitatively 
into 3 without significant side-reactions. However, if the reaction mixture containing 1 with an 
excess of Cu(CF3SO3)2 and NEt3 was concentrated, further reactions occurred and led to 
destruction of the tolyporphin complex. This did not happen if either NEt3 or Cu(CF3SO3)2  was 
added separately to a methanol solution of 3, but did occur when both were present. The 
purification procedure for 3 using ion exchange chromatography as outlined in the Experimental 
Section, is therefore convenient, as there is no need to concentrate crude methanol solutions 
before passage down columns, which efficiently removed excess Cu
2+
 and NEt3. There were 
similar complications if reaction mixtures containing other tolyporphins with Cu
2+
 or Ag
+
 were 
concentrated. 
A similar procedure was used to prepare [Cu
II
(tp
E
)] (4) from H2(tp
E
) (2). As with the 
tolyporphin A analogue, the intense visible absorption bands of complex 4 ( λ = 703, 423 nm) 
were shifted to longer wavelength compared with 2 ( λ = 679, 402 nm).  
Synthesis of Silver(II) Tolyporphin Complexes. When NEt3 was added to a methanol 
solution containing Ag(CF3SO3) and a tolyporphin, H2(tp), the color immediately changed to 
green. Chemical and spectroscopic properties described below indicated that the complex formed 
was a silver (II) complex of the deprotonated tolyporphin. The reaction occurred rapidly under 
nitrogen. Either traces of oxygen oxidize the silver (I) ion or, more likely, there was 
disproportionation to Ag
0
 and Ag
II
, the latter stabilized by the tolyporphin anion. Small amounts 
of solid (probably silver oxide plus silver metal) deposited during the reaction. Addition of a 
small volume of dilute aqueous perchloric acid to a solution of [Ag
II
(tp
A
)] (5) or [Ag
II
(tp
E
)] (6) 
caused a slow reaction at room temperature in which the free tolyporphin was regenerated within 
one hour. On account of this acid lability, these complexes were not purified by successive 
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 11
passage down cation and anion exchange columns, where extensive demetallation was promoted 
by the acidic column. Instead, a mixed H
+
 cation exchange/OH
-
 anion exchange column was 
used. Visible spectra indicated that only a small amount of demetallation occurred under these 
conditions. The unhindered elution of the compound from the column was consistent with the 
absence of net charge, as expected for a silver (II) complex.  
Heating a methanol solution of [Cu
II
(tp
A
)] (3) with excess Ag(CF3SO3) had no effect. Heating 
a methanol solution of [Ag
II
(tp
A
)] (5) with Cu(ClO4)2 in the presence of excess NEt3 gave no 
reaction.  
The visible spectrum of [Ag
II
(tp
A
)] (5) showed intense absorption maxima at λ = 661, 431, and 
389 nm. This represented a shift to shorter wavelength for the band in the red region of the 
spectrum (the opposite direction to the copper (II) complex), and a splitting of the band in the 
blue region. Similar changes were observed for [Ag
II
(tp
E
)] (6) compared with H2(tp
E
) (2). The 
spectra of these complexes were not affected by addition of further NEt3.   
Mass spectrometry of Copper(II) and Silver(II) Tolyporphin Complexes. [Cu
II
(tp
A
)] (3) 
was further characterized by various forms of mass spectrometry. In EIMS, the major 
fragmentation ions observed arose from loss of the C8H12O4 glycoside units, as observed in 
EIMS of H2(tp
A
) (1).
2
  
The electrospray mass spectrum for a dilute methanol solution of 3 was as expected (see 
Experimental Section and Figure S1 in the Supporting Information). The electrospray mass 
spectrum for a dilute methanol solution of H2(tp
A
) (1), NEt3 and Cu(CF3SO3)2 (not shown) gave 
a strong signal at m/z 743 ([[H2(tp
A
)] + H]
+
) and a barely detectable signal at m/z 804 
([[Cu
II
(tp
A
)] + H]
+
),  consistent with the conclusion from visible spectroscopy that no reaction 
occurs between Cu
2+
 and 1 at room temperature.   
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We have previously shown that, like porphyrins, the tolyporphins can be effectively analyzed 
by Laser Desorption Ionization-Time Of Flight (LDI-TOF) mass spectrometry in neat form 
(without a matrix) and generally yield intense radical cations [M]
+•
 in positive ion mode and 
intense radical anions, [M]
-•
 in negative ion mode, indicative of ionization via one electron 
oxidation or reduction.
15
 Analysis by a post source decay method (LIFT) in positive ion mode 
also revealed little if any fragmentation of the stable macrocyclic core and any attached C-
glycosides.
15
 [Cu
II
(tp
A
)] (3), [Cu
II
(tp
E
)] (4), [Ag
II
(tp
A
)] (5) and [Ag
II
(tp
E
)] (6)  exhibited similar 
behavior in LDI-TOF MS in positive ion, negative ion and LIFT modes. For example, the LDI-
TOF spectra of 3 obtained in positive ion mode (see Experimental Section and Figure S2 in the 
Supporting Information) contained a radical cation [M]
+•
 at m/z 803.1, in addition to an ion at m/z 
826.1 (the [M + Na]
+
 ion) and a prominent fragment ion at m/z 459.1 (C24H20N4O2Cu), [M – 
2(C8H13O4) + 2H]
+
 representing the stable macrocyclic core of the molecule. The spectrum 
obtained in negative ion mode (see Experimental Section and Figure S3 in the Supporting 
Information) contained a weak radical anion, [M]
-•
 peak at m/z 803.2 and a prominent ion at m/z 
457.0 (C24H18N4O2Cu), [M – 2(C8H12O4) - 2H]
-
. In LIFT mode, the metal remained bound to the 
stable macrocyclic core and fragmentations were indicative of the loss of sidechains (usually C-
glycosides) only. The LIFT spectrum of the m/z 803.1 ion of 3 for example, (see Experimental 
Section and Figure S4 in the Supporting Information) contained fragment ions at m/z 630.9, 
(C32H32N4O6Cu), [M – C8H13O4 + H]
+
, representative of the loss of one of the C-glycoside 
moieties, at m/z 458.8 (C24H20N4O2Cu), [M – 2(C8H13O4) + 2H]
+
 representative of the loss of 
both C-glycoside moieties to the stable metal-macrocycle complex and ions at m/z 173.0 and 
113.0 derived from the C-glycoside moiety. 
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 For comparative purposes, mass spectra were acquired for tolyporphin A (1) and Ag-
tolyporphin A (5) under MALDI-TOF conditions in positive ion mode using α-cyano-4-
hydroxycinnamic acid (HCCA) as matrix. We have previously shown that the MALDI-TOF 
mass spectrum of 1 acquired with HCCA is similar to that acquired under LDI-TOF conditions.
15
 
If an acidic matrix is employed, in MALDI-TOF MS of metallated porphyrins, demetallation 
may occur.
16
 This was observed in the MALDI-TOF mass spectrum of 5 acquired with HCCA as 
matrix (see Experimental Section and Figure S5 in the Supporting Information), where there was 
a strong ion at m/z 742.3 indicative of the demetallated parent ion (C40H46N4O10), [M – Ag + 
2H]
+
 in addition to the radical cation of the Ag-tolyporphin complex at m/z 849.3/847.2. 
EPR Spectroscopy of Copper(II) and Silver(II) Tolyporphin Complexes. Multifrequency 
EPR (S-, X- and Q-band) studies of [Cu
II
(tp
A
)] (3) and [Ag
II
(tp
A
)] (5) were performed at 293 K 
and 130 K to determine the complete g, A(
63
Cu), A(
107
Ag) and A(
14
N) matrices and compare 
their geometric and electronic structures. Isotropic S- and X-band EPR spectra (Figures 2A and 
2C) of [Cu
II
(tp
A
)] (3) acquired at 293 K were typical of mononuclear Cu
II
 species (3d
9
, |dx2-y2>, 
S=1/2), consisting of four broad resonances due to copper (
63,65
Cu: 
63
Cu: I = 3/2, µ = 2.2233, 
abundance = 69.2%; 
65
Cu: I = 3/2, µ = 2.3817, abundance = 30.8%)) hyperfine coupling with 
additional splitting on the high field resonances attributable to nitrogen (
14
N: I = 1, µ = 0.40376, 
abundance = 99.36%) superhyperfine coupling from the four ligating nitrogen atoms. Computer 
simulation of these spectra with the isotropic g and A values listed in Table S1, Supporting 
Information) produced the spectra shown in Figures 2B and 2D respectively.  
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Figure 2. Room temperature isotropic S- and X-band EPR spectra of [Cu
II
(tp
A
)] (3). A) S-band 
spectrum B) simulated S-band spectrum C) X-band spectrum D) simulated X-band spectrum. 
 
The anisotropic frozen solution multifrequency (S-, X- and Q-band) EPR spectra (Figure 3) for 
[Cu
II
(tp
A
)] (3) reveal resonances attributable to an axially symmetric Cu
II
 centre. Increasing the 
microwave frequency from 4 through 9 to 35 GHz results in (i) increased g-value resolution and 
(ii) larger linewidths as a result of increased g- and A-strain broadening. At Q-band frequencies 
there was no evidence for any rhombicity in the equatorial (xy) plane of the tolyporphyin ring. 
14
N superhyperfine splitting was evident in the parallel and perpendicular regions of the X-band 
spectrum (Figure 3C) and the perpendicular region of the S-band spectrum (Figure 3A), but is 
completely lost at Q-band frequencies (Figure 3F). 
Computer simulation of the S-, X- and Q-band spectra (Figures 3A, C and F) with the spin 
Hamiltonian given in Equation S1, (Supporting Information) a g- and A-strain line width model 
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and the axially symmetric g, A(
63
Cu) and A(
14
N) hyperfine matrices listed in Table S3 
(Supporting Information) produced the spectra shown in Figures 3B, E and G respectively.  
The isotropic EPR spectra of [Ag
II
(tp
A
)] (5) (Ag
II
: 4d
9
, S = 1/2) measured at 293 K (Figures 4A 
and C) are characterised by two major resonances due to silver hyperfine interactions (
107
Ag: I = 
1/2, µ = -0.11357, abundance = 52.0%; 
109
Ag: I = 1/2, µ = -0.13056, abundance = 48.0%), which 
are further split into nine resonances with intensities in a ratio of 1:4:10:16:19:16:10:4:1 by four 
magnetically equivalent nitrogen nuclei coordinated to the Ag
II
 ion, in a similar manner to that 
observed for the [Cu
II
(tp
A
)] complex 3. A comparison of the S- and X-band spectra (Figures 4A 
and C) reveals that both spectra contain the same resonances albeit the S-band spectrum having a 
greater resolution, a consequence of narrower line widths. Computer simulation, of the isotropic 
S- and X-band EPR spectra with the spin Hamiltonian parameters and line width parameters 
listed in Tables S1-S2 (Supporting Information), yielded the spectra shown in Figures 4B and D, 
respectively. 
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Figure 3. Anisotropic (130 K) S-, X- and Q-band EPR spectra of [Cu
II
(tp
A
)] (3). A) S-band 
spectrum, ν = 4.06003 GHz, B) Computer simulation of A), C) X-band spectrum, ν = 9.282848 
GHz, D) 2
nd
 derivative X-band EPR spectrum, E) Computer simulation of C), F) Q-band EPR 
spectrum, ν = 33.88141 GHz, G) Computer simulation of F). 
Of the randomly oriented frozen solution multifrequency (S-, X- and Q-band) EPR spectra of 
[Ag
II
(tp
A
)] (5) measured at low temperature (130 K) (Figures 5A, C and E), the Q-band EPR 
spectrum (Figure 5E), has the highest g-value resolution and reveals an axially symmetric g 
matrix and the presence of overlapping 
14
N and 
107,109
Ag hyperfine resonances in the 
perpendicular region. Upon lowering the frequency to X-band (Figure 5C), the g-value resolution 
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is decreased and the narrower line widths allow the observation of both 
14
N and 
107,109
Ag 
hyperfine resonances in the parallel and perpendicular regions. At S-band frequencies (Figure 
5A), the g-value resolution is almost zero and the spectrum again consists of overlapping 
14
N and 
107,109
Ag hyperfine resonances.  
 
Figure 4. Isotropic (293 K) S- and X-band EPR spectra of [Ag
II
(tp
A
)] (5). A) S-band EPR 
spectrum, ν = 4.06923 GHz, B) Computer simulation of A), C) X-band EPR spectrum, ν = 
9.751621 GHz, D) Computer simulation of C). 
Computer simulation of the S-, X- and Q-band spectra with an axially symmetric spin 
Hamiltonian (Equation 1, Supporting Information), a g- and A-strain linewidth model and the 
spin Hamiltonian parameters listed in Table S3, (Supporting Information) yield the spectra 
shown in Figures 5B, D and F, respectively. Interestingly the g and A (
107
Ag) anisotropy is 
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smaller than that observed for [Cu
II
(tp
A
)] (3), while the magnitude of the 
14
N hyperfine matrix is 
larger than that for the Cu
II
 complex. 
 
 
 
Figure 5. Anisotropic (130 K) S-, X- and Q-band EPR spectra of [Ag
II
(tp
A
)] (5). A) S-band EPR 
spectrum, ν = 4.064850 GHz, B) Computer simulation of a), C) X-band EPR spectrum, ν = 
9.283324 GHz, D) Computer simulation of C), E) Q-band EPR spectrum, ν = 34.00271 GHz, F) 
Computer simulation of E). 
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Tolyporphins and Other Metal Ions. Tolyporphins were heated with other metal ions under 
conditions where they reacted completely with Cu
2+
 (MeOH solution, excess metal salt and 
NEt3, heat at 65-70 ºC for 20 - 40 min) and reactions investigated using visible absorption 
spectroscopy. Depending on the absorption spectrum of the metal salt in the NEt3/MeOH, the 
spectrum showed clearly either one (the band in the red) or both of the major absorption bands of 
the tolyporphin. From the examples above, metal ion coordination was expected to cause 
significant wavelength shifts compared with the free ligand, and even 5% metal ion coordination 
could have been easily detected. 
For tolyporphins H2(tp
A
) (1) and H2(tp
E
) (2), there was no detectable reaction with Zn
2+
 (as 
ZnSO4.7H2O) or Ni
2+
 (as Ni(NO3)2.6H2O). For 1 there was no reaction with Co
2+
 (as 
CoCl2.6H2O, in air), Cd
2+
 (as Cd(ClO4)2), Pb
2+
 (as Pb(NO3)2), Fe
2+
 and Fe
3+
 (as FeCl2.4H2O in 
air), VO
2+
 (as VO(SO4)), Mg
2+
 (as MgCl2.6H2O), and Pd
2+
 (as Na2[PdCl4] and as Pd(NO3)2).    
Under the gas phase conditions inside the electrospray mass spectrometer, Zn
2+
 does appear to 
form a complex with (tp
A
)
2-
. Figure S6 in the Supporting Information) shows the electrospray 
mass spectrum (m/z > 720) for a mixture of methanolic H2(tp
A
) solution, Zn(CF3SO3)2 solution 
and NEt3 solution at orifice potentials of A) 40 V and B) 60 V. The spectrum obtained at lower 
orifice potential showed relatively strong peaks from [H2(tp
A
) + H]+ (m/z 743) and [H2(tp
A
) + 
HNEt3]
+
 (m/z 844), with weaker peaks that could be ascribed to [H2(tp
A
) + NH4]
+
 (m/z 760) and 
[H2(tp
A
) + Na]
+
 (m/z 765).  There was at most a very weak peak for [[Zn
II
(tp
A
)] + H]
+
 (m/z 805), 
consistent with little metal complex formation. At higher orifice potential, the spectrum showed 
a much weaker peak for [H2(tp
A
) + HNEt3]
+
 and a much more intense peak that was ascribed to 
[[Zn
II
(tp
A
)] + H]
+
.  These spectra indicate that [Zn
II
(tp
A
)] is formed only in the gas phase in the 
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spectrometer, rather than being formed in solution, and are consistent with the results discussed 
above from visible absorption spectroscopy. 
Biological Assays. Cells can become resistant to many classes of chemotherapeutic drugs, a 
phenomenon known as multidrug resistance (MDR). Typically this occurs via inhibition of 
transporter proteins, such as P-glycoprotein (Pgp) which pumps cytotoxic drugs out of cells, 
thereby lowering intracellular concentrations of drug. Among compounds able to reverse effects 
of Pgp on multidrug resistance are H2(tp
A
) (1) and H2(tp
E
) (2), which we have shown are 
reasonably potent inhibitors of drug transport by P-glycoprotein.
3,13
 However, these compounds 
are cytotoxic at doses 5-10 fold higher than those necessary for inhibition of P-glycoprotein, 
making the therapeutic index similar to that of verapamil and most other MDR-reversing 
agents.
13
 It was of interest to compare the biological activity of the metallated complexes of these 
compounds, ([Cu
II
(tp
A
)] (3), [Cu
II
(tp
E
)] (4), [Ag
II
(tp
A
)] (5) and [Ag
II
(tp
E
)] (6)) with those of the 
free tolyporphins (H2(tp
A
) (1) and H2(tp
E
) (2)), to investigate whether the therapeutic indices of 
the metallated complexes were any higher than those for the free ligands. Compounds were 
evaluated for their cytotoxicity to MCF-7/ADR cells, their ability to sensitize MCF-7/ADR cells 
to actinomycin D (MDR reversal assay), and their inhibition of P-glycoprotein ([
3
H]drug 
accumulation assay) by methods described previously.
13
 Many porphyrins are cytotoxic due to 
the generation of oxygen free radicals by redox cycling.
17
 To assess the role of free radicals in 
the biological actions of tolyporphins, we examined the effects of free radical scavengers on 
tolyporphin A-induced cytotoxicity in SKOV3 cells and reversal of MDR in SKVLB1 cells. The 
effects of α-tocopherol on the chemosensitizing ability of 1 were also examined.   
Cytotoxicities of H2(tp
A
), H2(tp
E
), [Cu
II
(tp
A
)], [Cu
II
(tp
E
), [Ag
II
(tp
A
)] and [Ag
II
(tp
E
)] (1-6). 
The cytotoxicities of 1-6 H2(tp
A
), [Ag
II
(tp
A
)], [Cu
II
(tp
A
)], H2(tp
E
), [Ag
II
(tp
E
)] and [Cu
II
(tp
E
)] 
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towards MCF-7/ADR cells were assessed. Copper complexes, [CuII(tp
A
)] (3) and [Cu
II
(tp
E
)] (4) 
were approximately 10-fold less cytotoxic than the parent compounds. [Ag
II
(tp
A
)] (5) was 3-fold 
less cytotoxic than H2(tp
A
) (1), while [Ag
II
(tp
E
)] (6) was 3-fold more cytotoxic than H2(tp
E
) (2) 
(Figure 6).  
  
 
Figure 6. The cytotoxicities of 1-6 H2(tp
A
), [Cu
II
(tp
A
)], [Ag
II
(tp
A
)], H2(tp
E
), [Cu
II
(tp
E
)] and 
[Ag
II
(tp
E
)] towards MCF-7/ADR cells.  Cells were incubated with the indicated concentrations of 
1-6 and cell survival determined after 48h.  Values represent the mean ± sd of triplicate samples.  
MDR Reversal Assay. All of the tolyporphins tested were able to sensitize MCF-7/ADR cells 
to actinomycin D, reversing MDR, thereby verifying their abilities to enhance drug 
accumulation. For example, Figure 7 indicates that cell killing by actinomycin D was enhanced 
by [Cu
II
(tp
A
)] (3) and [Ag
II
 (tp
A
)] (5).  
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Figure 7. Effects of 1-6 H2(tp
A
), [Cu
II
(tp
A
)], [Ag
II
(tp
A
)], H2(tp
E
), [Cu
II
(tp
E
)] and [Ag
II
(tp
E
)] on 
[
3
H]vinblastine accumulation by MDR cells.  MCF-7/ADR cells were incubated with the 
indicated concentrations of 1-6 and intracellular accumulation of  [
3
H]vinblastine determined.  
Values represent the mean ± s.d. of triplicate samples 
 
[
3
H]Drug Accumulation Assay. All of the tolyporphins increased the accumulation of 
[
3
H]vinblastine in MCF-7/ADR cells (Figure 8), indicating that they inhibit the activity of P-
glycoprotein.
13
 The potencies of the compounds are similar in this assay; however the maximal 
extent of accumulation was greater for Cu(tp
E
) (4) than for the other tolyporphins.  
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Figure 8. Reversal of MDR by H2(tp
A
) (1), [Cu
II
(tp
A
)] (3) and [Ag
II
(tp
A
)] (5). MCF-7/ADR cells 
were incubated with the indicated concentrations of 1, 3 and 5 either alone or in the presence of 
40 nM actinomycin D and cell survival after 48 h was determined. Values represent the mean ± 
sd of triplicate samples. 
α-Tocopherol Effect on Cytotoxicity. As indicated in Figure 9, α-tocopherol caused dose-
dependent inhibition of cell killing by H2(tp
A
) (1), reducing the toxicity of 10 µg of H2(tp
A
)/mL 
by 80%. Overall, the IC50 of 1 was reduced approximately 100-fold by the addition of 500 µM 
α-tocopherol.  γ-Tocopherol was equally as potent as α-tocopherol in causing decreases in the 
ability of 1 to kill SKOV3 cells (not shown). In contrast, the cytotoxicity of 1 was not abrogated 
by several other radical scavengers, including 100 µM butylated hydroxytoluene, 50 µM β-
carotene, 50 µM retinol acetate, 500 µM l-tryptophan, 50 µM ascorbic acid, 10 mM mannitol, 
0.5 mM GSH, 2.9 M catalase or 0.8 M superoxide dismutase (not shown). The cytotoxicity of 1 
was light-dependent, since incubation of cells in the dark reduced its cytotoxicity by 10-fold less 
in comparison with cultures treated in ambient laboratory light (not shown). 
 
 
 
Figure 9. Effect of α-Tocopherol on Cytotoxicity of H2(tp
A
) (1). SKOV3 cells were incubated 
with the indicated concentrations of α-tocopherol in the presence of the indicated concentrations 
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of H2(tp
A
) (1). Cell survival after 48 h was determined. Values represent the mean ± s.d. of 
triplicate samples. 
Effect of α-Tocopherol on MDR Reversing Activity. As indicated in Figure 10, inclusion of 
α-tocopherol markedly reduced the ability of 1 to chemosensitize SKVLB1 cells towards 
daunomycin (exhibit MDR reversing activity). Specifically, 5 µM 1 and 10 µM daunomycin 
alone killed 28 ± 0 and 17 ± 5% of the cells respectively. In the absence of α-tocopherol, the 
combination of 1 and daunomycin killed 91 ± 5% of the cells, whereas, only 18 ± 9% of the cells 
were killed by the combination when 100 µM α-tocopherol was also included. α-Tocopherol 
similarly reduced the ability of 1 to enhance the toxicity of vinblastine and actinomycin D 
towards SKVLB1 cells (not shown).   
 
 
 
Figure 10. Inhibition of MDR reversal by α-Tocopherol. SKVLB1 cells were incubated with the 
indicated concentrations of α-tocopherol in the presence of 10mM daunomycin, 5 mg/mL 
H2(tp
A
) (1) or a combination of daunomycin and H2(tp
A
) (1). Cell survival after 48 h was 
determined. Values represent the mean ± s.d. of triplicate samples. 
DISCUSSION 
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Reactions of Metal Ions with Tolyporphins. A notable feature of these reactions is the very 
limited range of metal ions which reacted with tolyporphins under the conditions used.  By 
contrast, typical porphyrins such as octaethylporphyrin H2(OEP) or tetraphenylporphyrin 
H2(TPP), readily form complexes with most of the metal ions tested here. Since the acetate 
groups attached to the glycoside rings of H2(tp
A
) (1) have been shown by NMR spectroscopy to 
be positioned above and below the macrocyclic ring,
2
 there was a possibility that they could 
sterically hinder coordination of (tp
A
)
2-
 to metal ions that do not prefer square planar 
coordination. However, even the macrocycles H2(tp
G
) (7) and H2(tp
H
) (8), which contain no 
groups hindering coordination to the ring N-atoms, bound only to Cu(II) and Ag(II) of the metal 
ions tested (not shown). The electron-withdrawing carbonyl groups, and other ring substituents, 
should decrease the σ-donor properties of the deprotonated tolyporphin ligands relative to 
porphyrin analogues, but may enhance their π-acceptor capacity by lowering the energies of their 
π* orbitals. The ability of relatively electron-rich (d
9
) metal ions, Cu
2+
 and Ag
2+
, to donate π-
electrons to the ring may be a factor in enhancing the stability of their tolyporphin complexes. 
The match between the size of a metal ion and the cavity in the macrocycle would also be 
expected to influence the affinity of the ligands for particular metal ions. 
The role of tolyporphins in the metabolism of the cyanobacterium is not known, but from the 
results herein it is clear that a metal is not incorporated in vivo, and then lost during the 
extraction and purification processes. Thus, of the metal ions present in significant amounts in 
the organism, only Cu
2+
 appears to be able to bind to the tolyporphins, and its complexes are 
sufficiently stable kinetically to withstand these processes. It could be worthwhile comparing the 
metal-binding ability of tolyporphin K with that of other tolyporphins, since it possesses a 
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different macrocyclic core. At this time, it is not available in sufficient quantities to permit such 
investigations. 
EPR Spectroscopy. A comparison of the EPR spectra acquired for 3 and 5 indicates that the 
line widths in the spectra of the Ag
II
 complex 5 are smaller than those for the Cu
II
 complex 3 at 
both S- and X-band frequencies (S-band: Figures S6A and S8A; X-band: Figures S6C and S8C). 
This is a consequence of 5 having smaller g and A anisotropy (X-band: ∆g(Ag
II
) = 0.074; 
∆g(Cu
II
) = 0.1618, ∆A(Ag
II
) = 11.95 10-4 cm-1; ∆A(Cu
II
) = 164.35 10-4 cm-1, (Table S3, 
Supporting Information). 
Comparison of the spin Hamiltonian parameters determined for the metal tolyporphin 
complexes with those of other porphyrin species (Table S3, Supporting Information) reveals that 
the Cu
II
 and Ag
II
 tolyporphins are electronically quite similar to metal centred 
tetraphenylporphyrin (TPP) analogues. This would be predicted, taking into account the very 
similar coordination sphere about the central metal atom in each of the species. In both series of 
complexes, this leads to larger g- and A-anisotropies for the copper species compared to those 
for the silver complexes. This was unexpected as the spin orbit coupling constant for Ag
II
 (1800 
cm
-1
) is approximately twice as large as that for Cu
II
 (-828 cm
-1
).
18
 
 Given the tetragonal symmetry of the site, the optical transitions (B1g → B2g and B1g → Eg) 
must be larger than the values assumed in the present study (22,000 cm
-1
).
19
 The nitrogen 
hyperfine coupling constants (Table S4, Supporting Information) for the silver species were 
found to be larger than for the copper complex indicating greater delocalization of the unpaired 
electron onto the nitrogen ligands of the porphin macrocycle through σ ((α’2/4) [Ag
II
(tp
A
)] = 
0.14, (α’2/4) [Cu
II
(tp
A
)] = 0.09) and in plane π ((γ’2/2) [Ag
II
(tp
A
)] = 0.28, (γ’2/2) [Cu
II
 (tp
A
)] = 
0.10)) bonding interactions. Intuitively, this is not unexpected as silver is a second row transition 
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metal ion and has a larger atomic radius than copper and as a result it would be expected that the 
unpaired electron would spend more of its time on the nitrogen nuclei. 
Biological Tests. The copper complexes [Cu
II
(tp
A
)] (3) and [Cu
II
(tp
E
)] (4) were considerably 
less cytotoxic than either the silver complexes [Ag
II
(tp
A
)] (5) and [Ag
II
(tp
E
)] (6) or the free 
tolyporphins H2(tp
A
) (1) and H2(tp
E
) (2), however they were also considerably less potent in 
reversing MDR.   
In the presence of the free radical scavenger α-tocopherol, the chemosensitization ability of 1 
was markedly reduced. This effect of α-tocopherol occured in parallel with protection of the 
cells from H2(tpA)-induced cytotoxicity. Therefore, free radicals generated by 1 seem to mediate 
both its cytotoxicity and inhibition of P-glycoprotein activity. As [Cu
II
(tp
A
)], [Cu
II
(tp
E
)], 
[Ag
II
(tp
A
)] and [Ag
II
(tp
E
)] (3-6) likely differ from 1 and 2 in their capacities to activate oxygen, it 
is perhaps not surprising that relatively large differences in cytotoxicity and MDR-reversing 
properties were observed for some of these metal complexes. Since the potencies for reversal of 
MDR of the compounds appear to be closely related to their relative cytotoxicities, the 
therapeutic index is not significantly improved by metallation. This supports the conclusion from 
the scavenger studies that toxicity and inhibition of P-glycoprotein function are both mediated by 
the same process, which appears to involve the production of oxygen free radicals. The 
tolyporphins may still have potential utility, since there is a 3-10-fold difference between 
cytotoxic doses and the minimal MDR reversing doses, so the therapeutic index is similar to that 
of verapamil and most other MDR reversing agents. However, of the other MDR reversing 
agents with similar therapeutic indices, some are much more amenable to synthesis than the 
tolyporphins. 
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CONCLUSION  
Unlike porphyrins, the tolyporphins only form complexes with a very limited range of metal 
ions. Only Cu
2+
 and Ag
2+
 were found herein to react with tolyporphins, forming the respective 
[Cu
II
(tp)] and [Ag
II
(tp)] complexes. Characterization was achieved by mass spectrometry and 
multifrequency continuous wave EPR spectra, with the latter indicating that both the [Cu
II
(tp)] 
and [Ag
II
(tp)] complexes contained square planar metal ions, with the unpaired electron in a dx²-
y² orbital delocalized onto the ligating nitrogen atoms. Both copper(II) and silver(II) complexes 
with tolyporphins A and E were able to reverse multidrug resistance with activity comparable to 
the free tolyporphins, but the copper complexes were much less toxic. Reactive oxygen free 
radicals were implicated in both the cytotoxic and multidrug resistance reversing effects of free 
and metallated tolyporphins. 
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spin Hamiltonian parameters determined for various Cu
II
 and Ag
II
 porphyrin complexes (PDF), 
molecular orbital coefficients for selected Cu
II
 and Ag
II
 centered porphyrins (PDF). 
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FOR TABLE OF CONTENTS ONLY 
SYNOPSIS 
Tolyporphins are picky! 
Tolyporphins are secondary metabolites of the terrestrial cyanobacterium Tolypothrix nodosa 
Bharadwaja.  This is the first study of their metal-binding properties and indicates that 
tolyporphins are highly selective for Cu
2+
 and Ag
2+
 ions. The synthesis and characterization of 
these complexes is reported, along with an investigation of their capacity to reverse multidrug 
resistance in cells.  
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Figure 1. Structures of tolyporphins8 complexed here with metal ions.  
 
191x107mm (300 x 300 DPI)  
 
 
Page 34 of 43
ACS Paragon Plus Environment
Submitted to Inorganic Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
 
 
Figure 2. Room temperature isotropic S- and X-band EPR spectra of [CuII(tpA)] (3). A) S-band spectrum B) 
simulated S-band spectrum C) X-band spectrum D) simulated X-band spectrum.  
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Figure 3. Anisotropic (130 K) S-, X- and Q-band EPR spectra of [CuII(tpA)] (3). A) S-band spectrum, ν = 
4.06003 GHz, B) Computer simulation of A), C) X-band spectrum, ν = 9.282848 GHz, D) 2nd derivative X-
band EPR spectrum, E) Computer simulation of C), F) Q-band EPR spectrum, ν = 33.88141 GHz, G) 
Computer simulation of F).  
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Figure 4. Isotropic (293 K) S- and X-band EPR spectra of [AgII(tpA)] (5). A) S-band EPR spectrum, ν = 
4.06923 GHz, B) Computer simulation of A), C) X-band EPR spectrum, ν = 9.751621 GHz, D) Computer 
simulation of C).  
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Figure 5. Anisotropic (130 K) S-, X- and Q-band EPR spectra of [AgII(tpA)] (5). A) S-band EPR spectrum, ν 
= 4.064850 GHz, B) Computer simulation of a), C) X-band EPR spectrum, ν = 9.283324 GHz, D) Computer 
simulation of C), E) Q-band EPR spectrum, ν = 34.00271 GHz, F) Computer simulation of E).  
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Figure 6. The cytotoxicities of 1-6 H2(tp
A), [CuII(tpA)], [AgII(tpA)], H2(tp
E), [CuII(tpE)] and [AgII(tpE)] 
towards MCF-7/ADR cells.  Cells were incubated with the indicated concentrations of 1-6 and cell survival 
determined after 48h.  Values represent the mean ± sd of triplicate samples.  
 
176x109mm (150 x 150 DPI)  
 
 
Page 39 of 43
ACS Paragon Plus Environment
Submitted to Inorganic Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
 
 
Figure 7. Effects of 1-6 H2(tp
A), [CuII(tpA)], [AgII(tpA)], H2(tp
E), [CuII(tpE)] and [AgII(tpE)] on [3H]vinblastine 
accumulation by MDR cells.  MCF-7/ADR cells were incubated with the indicated concentrations of 1-6 and 
intracellular accumulation of  [3H]vinblastine determined.  Values represent the mean ± s.d. of triplicate 
samples  
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Figure 8. Reversal of MDR by H2(tp
A) (1), [CuII(tpA)] (3) and [AgII(tpA)] (5). MCF-7/ADR cells were 
incubated with the indicated concentrations of 1, 3 and 5 either alone or in the presence of 40 nM 
actinomycin D and cell survival after 48 h was determined. Values represent the mean ± sd of triplicate 
samples.  
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Figure 9. Effect of α-Tocopherol on Cytotoxicity of H2(tp
A) (1). SKOV3 cells were incubated with the 
indicated concentrations of α-tocopherol in the presence of the indicated concentrations of H2(tp
A) (1). Cell 
survival after 48 h was determined. Values represent the mean ± s.d. of triplicate samples.  
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Figure 10. Inhibition of MDR reversal by α-Tocopherol. SKVLB1 cells were incubated with the indicated 
concentrations of α-tocopherol in the presence of 10mM daunomycin, 5 mg/mL H2(tp
A) (1) or a combination 
of daunomycin and H2(tp
A) (1). Cell survival after 48 h was determined. Values represent the mean ± s.d. of 
triplicate samples.  
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